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We present a search for the 
avor-changing neutral current decays B0
d!�+�� and B0

s!�+��

in p�p collisions at
p
s = 1:8 TeV, using 98 pb�1 of data collected at the Collider Detector at

Fermilab (CDF). We �nd one candidate event for these decays, which is consistent with the back-

ground estimates, and set upper limits on the branching fractions of B(B0
d!�+��) < 8:6 � 10�7 and

B(B0
s!�+��) < 2:6 � 10�6 at 95% con�dence level.
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In the Standard Model of electroweak interactions,

the decays B0!�+�� [1] are forbidden for tree lev-

el processes. However they can proceed at low rate

through higher order 
avor-changing neutral current pro-

cesses (FCNC). Theory [2] predicts branching fractions

of (1:5� 0:9) � 10�10 and (3:5� 1:0) � 10�9 for B0
d!�+��

and B0
s!�+�� decays respectively. Higher branching

fractions would indicate contributions from physics be-

yond the Standard Model. Our previous measuremen-

t [3], using 17:8 � 0:6 pb�1 of p�p data collected dur-

ing the 1992-1993 running period (Run 1A), obtained:

B(B0
d!�+��) < 1:6�10�6 and B(B0

s!�+��) < 8:4�10�6

at 90% C.L. These are more stringent limits than ob-

tained at the �(4S) (B0
d only) [4], Z0 [5] or at other p�p

collider experiments [6]. An additional 80:4 � 6:4 pb�1

of data has been collected during the 1994-1995 running

period (Run 1B). In this paper we use the combined data

set of 98� 6:4 pb�1. This result supercedes our previous

work.

The CDF detector has been described in detail else-

where [7]. The detector components most relevant to

this measurement are the tracking system and the muon

chambers. The tracking system, which is immersed in a

1.4 T solenoidal magnetic �eld, consists of three detec-

tor systems. The innermost tracking device is a silicon

micro-strip vertex detector (SVX) [8] which provides spa-

tial measurements in the r-� [9] plane. The SVX consists

of two identical cylindrical barrels and has an active re-

gion of 51 cm in z. Each barrel consists of four layers of

silicon strip detectors with 60 �m pitch between readout

strips for the three inner layers and 55 �m pitch for the

fourth layer. The layers are located at radii between 3.0

and 7.9 cm from the beam line. The impact parameter

resolution of the SVX is �D(pT ) = (13+40=pT ) �mwhere

pT is the transverse momentum of the track in GeV/c.

The track impact parameter D is de�ned as the distance

of closest approach, measured in the plane perpendicular

to the beam, of the track helix to the beam axis.

The SVX is followed by a set of time projection

chambers (VTX) which measure the position of the

proton-antiproton interaction position (the primary ver-

tex) along the beam line. Surrounding the VTX is the

central tracking chamber (CTC), a 3 m long cylindrical

drift chamber ranging from 0.3 to 1.3 m in radius covering

the pseudorapidity interval j�j < 1:0. The CTC contain-

s 84 layers of sense wires, grouped into nine alternating

axial and stereo super layers.

The central muon system, consisting of three compo-

nents, is capable of detecting muons with pT � 1:4 GeV/c

in the pseudorapidity interval j�j < 1:0. The CMU sys-

tem covers the region j�j < 0:6 and consists of 4 layers

of planar drift chambers outside the hadron calorimeter

allowing the reconstruction of track segments for charged

particles penetrating the 5 absorption lengths of materi-

al. Outside the CMU there are 3 additional absorption

lengths of steel followed by 4 layers of drift chambers
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(CMP). Finally, the CMX system extends the coverage

up to pseudorapidity j�j < 1:0. Depending on the in-

cident angle, particles have to penetrate 6-9 absorption

lengths of material to be detected in the CMX. For the

Run 1A selection, only the CMU was used.

CDF has a three level trigger system. The �rst two

levels are implemented in hardware, while the third is

a software trigger which is a version of the o�ine re-

construction software optimized for speed. The Level 1

triggers relevant for this analysis require two track seg-

ments in the muon chambers. At Level 2, tracks found in

the CTC by the central fast track processor (CFT) [10]

are associated to track segments in the muon chambers.

Two di�erent pT thresholds are used in our trigger, de-

pending on whether one or both muons are required to

be found in the CFT. When one muon is associated to a

CFT track, the CFT algorithm is 50% e�cient for tracks

with pT= 2.6 GeV/c, and this e�ciency rises to 96% for

tracks with PT > 3.1 GeV/c. Triggers containing two

matches between the CFT and muon track segments are

50% e�cient for tracks with pT =1.95 GeV/c, and reach

the plateau at 2.3 GeV/c. The Level 3 trigger requires

two muon candidates after full reconstruction. During

Run 1B, Level 3 required at least one of the two muons

to be detected in the CMP. During Run 1A CMX muons

were not included in the dimuon triggers.

The following muon selection criteria are applied: the

separation between the track in the muon chamber and

the extrapolated CTC track is calculated in both the

transverse and longitudinal planes. In each view, the

di�erence is required to be less than 3.0 standard devia-

tions (�) from zero, where � is the sum in quadrature of

the multiple scattering and measurement uncertainties.

The energy deposited in the hadronic calorimeter by each

muon is required to be greater than 0.5 GeV, which is

3� lower (based on the RMS of the Landau distribution

below the peak) than the average expected energy loss

from a minimum ionizing particle. The pT of each muon

is required to be greater than 2 GeV/c. The pT of the

muon pair is required to be greater than 6 GeV/c in or-

der to be able to normalize our result with our previously

measured B0
d production cross section [11]. The invari-

ant mass of the muon pair is derived from a vertex �t of

the two muon tracks where the tracks are constrained to

come from a common vertex. Candidates failing the �t

procedure are discarded.

The long lifetime of B mesons permits us to use the

proper decay length as a strong rejection criteria against

short-lived background. This requires a precise measure-

ment of the position of the B meson decay (the decay

vertex) and the distance the B meson traveled before de-

caying (the decay length). For this reason, both muons

are required to be reconstructed in the SVX, with hits in

at least 3 of the 4 layers. The uncertainty on the trans-

verse decay length, Lxy =
~lxy�~pT (�

+��)
pT (�+��)

, is required to be

< 150 �m, where ~lxy is the vector pointing from the pri-
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mary vertex (the interaction point) to the secondary ver-

tex (the reconstructed decay position) and ~pT (�
+��) is

the transverse momentum vector of the muon pair deter-

mined using quantities derived in the vertex �t described

above. The mean uncertainty of Lxy is � 60�m, which

is signi�cantly smaller than the mean transverse decay

length of � 860�m expected for the signal.

The following selection criteria are applied to selec-

t candidate B mesons. The proper decay length, � =

Lxy �
m
B0

pT (�+��)
, is required to be greater than 100 �m.

This requirement reduces the number of muon pairs with

opposite charge (OS) in the 5 - 6 GeV/c2 mass range from

4095 to 729.

Due to the hard b fragmentation [12], B mesons carry

most of the transverse momentum of the b-quark. We

require the isolation of the muon pair, de�ned as I =

pT (�
+��)

pT (�+��)+
P

pT
, to be greater than 0:75. The sum is the

scalar sum of the transverse momenta of all the tracks,

except the two candidate muons, within a cone of �R = 1

(�R =
p
(��)2 + (��)2) around the momentum vector

of the muon pair. The z coordinate of these tracks must

be within 5 cm of the B candidate vertex to exclude

tracks from other p�p collisions that can occur during the

same bunch crossing. The isolation requirement reduces

the number of OS muon pairs to 80.

The vectors ~pT (�
+��) and ~lxy are required to point in

the same direction, the opening angle � (pointing angle)

between ~pT (�
+��) and ~lxy is required to be less then

0.1 radians. Figure 1 shows the distribution of the point-

ing angle for the Monte Carlo prediction (see below) and

the like sign (LS) muon pair data. LS muon pairs are

used as an estimate of the pointing angle distribution of

the background. This requirement reduces the number

of OS (LS) muon pairs in the 5-6 GeV/c2 mass range to

5 (6) respectively.

The proper decay length, isolation and pointing re-

quirements have been optimized by maximizing the

signal-to-background signi�cance, �2Sig=�Bgr, where �Sig

is the e�ciency for B0!�+�� events, and �Bgr is the

e�ciency for background events. To estimate �Bgr we

use LS muon pairs in the 5 - 6 GeV/c2 mass range as a

sample of pure background.

Table I lists the acceptance and the e�ciency for each

of the selection criteria. In this analysis, several di�er-

ent triggers were used during di�erent running periods.

Each trigger has a corresponding e�ciency and accep-

tance for each period. The quoted e�ciencies of Table I

are weighted according to luminosity and trigger contri-

bution in each run period.

The acceptance, as well as the e�ciencies of �(Lxy),

and muon-pT selection criteria have been estimated by

Monte Carlo simulation. We generate b quarks accord-

ing to a next-to-leading order QCD calculation [13] with

minimum b-quark pT > 5:5 GeV/c and jy(b)j < 1:3, then

fragment them into B mesons using the Peterson et al.

parameterization [12] with �b = 0:006. The B mesons are
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then forced to decay into �+�� and the resulting muons

are subjected to a full simulation of the CDF detector

and trigger.

The e�ciency of the � > 100 �m requirement has

been estimated by the same Monte Carlo simulation as

above. The e�ciencies of the isolation and pointing re-

quirements were obtained using a sample of fully recon-

structed B+ ! J= K+ and B0 ! J= K�0 events [14].

The uncertainty is determined by the statistics of the

exclusive B sample. We assume the same e�ciency of

the isolation requirement for B0
s mesons. Figure 2 shows

the distribution of the isolation variable for the back-

ground subtracted J= K+ and J= K�0 sample and the

LS muon pair data. The e�ciency of the pointing re-

quirement was checked with the B0!�+�� Monte Carlo

simulation and was found to agree well. The e�ciency

of the � > 100�m requirement was checked with the ex-

clusive B0 and B+ samples and was found to agree well

with the Monte Carlo simulation. Using the Monte Carlo

simulation, as well as extrapolating the mass resolution

measured in the decays J= ! �+��,  (2S) ! �+��

and �(1S) ! �+��, we estimate the mass resolution

for B0!�+�� to be 35 MeV/c2. For our search, we re-

gard OS events passing all selection criteria as signal if

they fall in the dimuon invariant mass regions 5.205-5.355

GeV/c2 for the B0
d and 5.295-5.445 GeV/c2 for the B0

s .

The current world averages are: m(B0
d) = 5279:2 � 1:8

MeV/c2 and m(B0
s ) = 5369:3� 2:0 MeV/c2 [15]. Vary-

ing the mass resolution by � 5 MeV/c2 results in a 4%

variation in the e�ciency of the search window selection.

The muon matching requirement and dimuon trigger

e�ciencies have been estimated using a large J= sam-

ple. The tracking e�ciency has been estimated by em-

bedding two Monte Carlo generated tracks into real data

J= events. After all e�ciency corrections have been ap-

plied, the observed J= yield in Run 1B is still found to

be lower than the yield in Run 1A. This descrepancy in

yield remains under investigation. For this analysis, an

additional normalization correction has been imposed to

the Run 1B data to make the J= yield constant over

the entire data set, and consistent with the data used in

our B-production cross section measurement. The yield

is taken as the number of long-lived (� > 100 �m) J= 

from the decay of B-hadrons corrected for tracking and

trigger e�ciency as well as acceptance and luminosity.

The total e�ciency and acceptance is 1:34 � 0:15% for

B0
d and 1:37 � 0:15% for B0

s , including both statistical

and systematic uncertainties.

The invariant mass distribution of the muon pairs pass-

ing all the selection criteria is shown in Figure 3. One

OS event with an invariant mass of 5.344� 0.016 GeV/c2

remains in the signal region. As it is in the overlapping

part of the search windows, this will give one candidate

for both B0
d and B0

s . The observed event is consistent

with the background estimates from the LS muon pairs

and from sideband events (in the 5.0-5.2 GeV/c2 and 5.5-
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6.0 GeV/c2 mass ranges). To be conservative the upper

limit of candidates allowed at 90 % C.L., Nlimit, is cal-

culated assuming that the one event is a signal event.

This results in a Poisson upper limit of 3.89 events at

90% C.L. The upper limit on the branching fractions is

calculated from the formula

B(B0!�+��) <
Nlimit(B

0 or �B0!�+��)

2 � �(B) �
P

i

R
Lidt � �i � �i

;

where
P

i represents the sum over all triggers and da-

ta samples contributing to the sample. The total inte-

grated luminosity is given by
R
Lidt, �i is the selection

e�ciency and �i is the geometrical acceptance. CDF

has measured the B0
d integrated production cross sec-

tion for pT (B) > 6 GeV/c and rapidity jy(B)j < 1

to be �(B0
d) = 2:39 � 0:32 � 0:44 �b [11]. We assume

�(B0d)
�(B0s )

= 1=3 which is consistent with our measurement

[16]. We do not use the measured value for the cross sec-

tion ratio, as it depends on other assumptions. As the

B0 and �B0 are not distinguished, a factor of 2 must be

included.

The systematic uncertainties are listed in Table II. To

include them in our limit calculation we use the proce-

dure described in reference [17]. The systematic un-

certainties due to the B production and decay kinemat-

ics are already included in the systematic uncertainty

of the B production cross section. When including the

systematic uncertainty, the upper limit of candidates is

4.31(5.48) at 90(95) % C.L. respectively. We obtain the

following 90% and 95% C.L. upper limits:

B(B0
d!�+��) < 6:8 � 10�7 (90%)(C:L:)

B(B0
s!�+��) < 2:0 � 10�6 (90%)(C:L:)

B(B0
d!�+��) < 8:6 � 10�7 (95%)(C:L:)

B(B0
s!�+��) < 2:6 � 10�6 (95%)(C:L:):

Compared to the previous analysis [3], two changes

to the selection criteria are introduced: the isolation re-

quirement is modi�ed and the pointing angle � require-

ment is added. While the candidate found in the pre-

vious analysis does not pass the pointing angle criteria,

one new candidate is found in the Run 1B data. In con-

clusion, we have observed no signi�cant signal for FCNC

decays of B mesons. The resulting limits are a signi�can-

t improvement over the previously published results but

still orders of magnitude away from the Standard Model

prediction.
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Cut E�ciency in %

Geometrical acceptance for pT (B) > 6 GeV/c and rapidity jy(B)j < 1 10:72 � 0:06
pT (�) > 2 GeV/c 89:6� 0:2
Dimuon triggers 58:3� 3:4
Track �nding e�ciency in the muon chambers 96:6� 0:7
E�ciency to reconstruct both � tracks in the CTC o�ine 89:8� 3:6
Muon selection criteria 97:2� 1:2
Track and vertex quality selection criteria 77:1� 0:2
Uncertainty on the decay length (�Lxy < 150�m) 94:7� 0:5

Decay length (� > 100�m)

�
�Bd = 468 � 18�m [15]
�Bs = 483+30

�27�m [15]
80:9� 1:0
81:8� 1:6

Pointing angle: � < 0:1 85:1� 2:2
Isolation: I > 0:75 72:8� 3:0
J= -yield correction 84:6� 3:8
B meson search window 91:6� 4:0

Total e�ciency � acceptance

�
for Bd
for Bs

1:34 � 0:15
1:37 � 0:15

TABLE I. List of e�ciencies and their uncertainties (both statistical and systematic uncertainties are added in quadrature).
The e�ciencies are for B mesons with pT (B) > 6 GeV/c and rapidity jy(B)j < 1. The total e�ciency is the product of the
individual e�ciencies when applied in that order.

Source of systematic uncertainty Fractional uncertainty in %

B meson cross section 22.6
Integrated luminosity 6.7
E�ciency � acceptance 11.0

Total 26.0

TABLE II. List of systematic uncertainties.
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B0→µ+µ- Monte Carlo
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FIG. 1. Distribution of the pointing angle (the angle between ~pT (�
+��) and ~lxy) for Monte

Carlo and like sign (LS) muon pairs in the 5 to 6 GeV/c2 mass range after all selection criteria
except the pointing angle and isolation requirement have been applied. LS muon pairs are used as
an estimate of the isolation distribution of background events. The arrow indicates the chosen cut.
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B→ψK+,ψK*0 Data
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FIG. 2. Distribution of the isolation of background subtracted J= K+ and J= K�0 candidates
and of like sign (LS) muon pairs in the 5 to 6 GeV/c2 mass range after all selection criteria except
the pointing angle and isolation selection criteria. LS muon pairs are used as an estimate of the
isolation distribution of background events. The arrow represents the chosen cut.
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FIG. 3. Invariant mass distribution of like sign (LS) and opposite sign (OS) muon pairs before
(higher histogram) and after (lower histogram) the proper decay time, isolation and pointing angle
criteria. The two plotted functions represent the 90% C.L. upper limit with the expected resolution
and including the systematic uncertainty. The areas under the curves correspond to 4.31 events at
90% C.L. The B0

d(B
0
s ) meson search windows are indicated by the solid(dashed) arrows. LS muon

pairs are used as an estimate of the background.
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